Motivation: Codon reassignments have been reported across all domains of life. With the increasing number of sequenced genomes, the development of systematic approaches for genetic code detection is essential for accurate downstream analyses. Three automated prediction tools exist so far: FACIL, GenDecoder and Bagheera; the last two respectively restricted to metazoan mitochondrial genomes and CUG reassignments in yeast nuclear genomes. These tools can only analyze a single genome at a time and are often not followed by a validation procedure, resulting in a high rate of false positives. Results: We present CoreTracker, a new algorithm for the inference of sense-to-sense codon reassignments. CoreTracker identifies potential codon reassignments in a set of related genomes, then uses statistical evaluations and a random forest classifier to predict those that are the most likely to be correct. Predicted reassignments are then validated through a phylogeny-aware step that evaluates the impact of the new genetic code on the protein alignment. Handling simultaneously a set of genomes in a phylogenetic framework, allows tracing back the evolution of each reassignment, which provides information on its underlying mechanism. Applied to metazoan and yeast genomes, CoreTracker significantly outperforms existing methods on both precision and sensitivity.
Introduction
The genetic code sets the rules for translating the genetic information from coding sequences (genes or mRNAs) into proteins. It was initially deciphered in the 1960s (Nirenberg et al., 1963; Sö ll et al., 1965) . Using a combination of in vitro and in vivo experiments conducted on E. coli, the complete set of 64 codons has been mapped to either amino acids or a translation termination signal. Long seen as universally conserved among all domains of life (Crick, 1968) , the discovery that human and yeast mitochondria interpret the UGA stop codon as tryptophan (Barrell et al., 1979; Fox, 1979) has challenged the hypothesis of a 'frozen' universal code, revealing its evolvability. Since then, many instances of other codon reassignments have been reported across all three domains of life, in both organelle and nuclear genomes (Keeling, 2016; Kollmar and Mü hlhausen, 2017; Knight et al., 2001; Ling et al., 2015; Santos et al., 2004; Sengupta et al., 2007; Watanabe and Yokobori, 2011) .
The evolution of codon reassignment requires coordinated changes at the gene/RNA sequence level and the translation machinery in charge of recognizing and assigning a given codon to an amino acid. Two main, mutually non-exclusive mechanisms have been initially proposed for natural codon reassignment. According to the codon capture mechanism, the codon first disappears completely from the genome due to mutational pressure, followed by the complete disappearance of the corresponding tRNA or release factor (Osawa and Jukes, 1989; Osawa et al., 1990) . Then, re-use of this codon by a different amino acid (AA) would emerge, in conjunction with the appearance of a corresponding tRNA and/or tRNA synthetase, with different specificities. This mechanism is present mainly in small mitochondrial genomes encoding small gene sets, for which the disappearance of a codon (leading to an unassigned codon), is feasible. The second mechanism, called ambiguous intermediate, does not require the disappearance of the codon during reassignment (Schultz and Yarus, 1994) . Instead, it is ambiguously decoded either by a single tRNA recognized by different aminoacyl tRNA synthetases, or by two different tRNAs (or alternatively, a tRNA and a release factor). In the case of the CTG reassignment to serine in some yeast nuclear genomes, it has been hypothesized that a selective advantage could have arisen from a decoding ambiguity, gradually allowing for the reassignment of the codon (Santos et al., 1999) . More recently, this hypothesis has been challenged by the discovery of CUG reassignment to alanine in Pachysolen tannophilus (Mü hlhausen and Kollmar, 2014a; Mü hlhausen et al., 2016; Riley et al., 2016) , suggesting a different mechanism (tRNA loss driven codon reassignment) that could explain the polyphyly of the CUG codon usage in yeasts. Sengupta and Higgs have also proposed a classification through gain and loss scenarios (Sengupta and Higgs, 2005) which integrates the codon capture and ambiguous intermediate mechanisms, in addition to their unassigned codon and compensatory change scenarios.
Computational prediction of codon reassignments is straightforward when stop codons are involved, as proteins with either premature termination or multiple additional C-terminal domains will be predicted. Sense-to-sense codon identity changes are more difficult to infer, in distinction to ongoing mutations, and when an identity switch occurs among biochemically similar AAs. This motivates the development of appropriate bioinformatics methods. To our best knowledge, three tools based on comparative sequence analyses, have been developed to predict genetic codes. The GenDecoder web server (Abascal et al., 2006a) , exclusively designed for metazoan mitochondrial genomes, infers codon reassignments by comparing translations of the standard protein-coding genes of a genome of interest to a set of pre-aligned reference profiles including 54 metazoans. Each codon of the input genome is assigned to the AA to which it is most frequently aligned. The second tool, FACIL (Dutilh et al., 2011) , which is not specific to mitochondrial genomes, aligns the sequences of interest to PFAM protein domains, then uses Random Forests (RF) to infer the most probable AA-codon match. Finally, Bagheera (Mü hlhausen and Kollmar, 2014b ) is a web server for predicting CUG codons reassignment to serine in yeast nuclear genomes, based on the comparison of 38 cytoskeletal and motor proteins to a reference protein dataset. CUG reassignments are predicted by comparing CUG positions within the predicted genes to the reference dataset. The first two methods are restricted to predictions that apply to the codon capture mechanism, as they do not consider the possibility of ambiguous decoding of a codon to more than one AA (Li et al., 2011; Swart et al., 2016; Yadavalli and Ibba, 2013) . Moreover, their predictions are not validated a posteriori by measuring the effect of predicted reassignments on the protein alignment quality. This lack of validation, plus a high sensitivity to substitutions between close AAs, usually leads to a high rate of false positives as we show in the result section. Bagheera, on the other hand, has a validation step based on tRNA CAG identity prediction by comparing its sequence to a set of reference tRNAs. The main drawback of this method however is its limited scope as it concerns exclusively CUG codon reassignments to serine in yeast nuclear genomes.
Further, these methods are limited to the study of one genome at a time, completely ignoring its phylogenetic context (although Bagheera can perform an a posteriori phylogenetic grouping). In contrast, we argue that inferences based on the simultaneous study of multiple related genomes and their phylogenetic relatedness will lead to more sensitive predictions. Such an approach eliminates the dependency on an a priori reference set, thus allowing predictions in newly sequenced phylogenetic groups, and enabling the inclusion of non-standard proteins only shared by certain genomes. Furthermore, a phylogenetic framework can provide data for a better distinction between codon reassignments and ongoing mutations, and since codon reassignment is a progressive change, studying multiple genomes simultaneously will help identify footprints of ongoing reassignments. This innovative way of detecting codon reassignments can offer better insights toward the understanding of the underlying mechanisms of codon reassignments while systematically tracing back their evolutionary path.
Based on these ideas, we developed CoreTracker, a new algorithm exhaustively exploring sense-to-sense codon reassignments across any given group of genomes. It is the first automated approach for the prediction of codon reassignments that includes a phylogenetic framework and also extends to the context of ambiguous decoding of a codon to various amino acids.
Starting from a set of conserved positions in protein multiple alignments (derived by translating gene sequences with a given initial translation code) and a phylogenetic tree of the considered species, CoreTracker identifies candidate codons for reassignment, based on the recurring incidence of unexpected amino acids in conserved positions. Using a random forest classification approach, candidate codons are then evaluated according to a set of features related to various characteristics of the potential reassignment.
Although both use a random forest approach, CoreTracker and FACIL are significantly different. In contrast to FACIL, which is a complete parameter-free approach, CoreTracker has control over its level of precision and recall. In addition, CoreTracker integrates a correction using a similarity matrix accounting for frequent substitutions between close AAs, and a validation step, which evaluates the impact of a predicted reassignment on the alignment quality given a phylogenetic tree.
We applied CoreTracker to yeast and metazoan mitochondrial genomes and respectively predicted 54 and 85 codon reassignments. We were able to retrieve all known reassignment types and to extend them to newly analyzed genomes. On both datasets, CoreTracker achieved high precision and recall, outperforming FACIL and GenDecoder. We also compared CoreTracker to Bagheera and FACIL on a yeast nuclear dataset, on which CoreTracker also made accurate predictions for CUG codon reassignments and was even able to predict the CUG(Leu, Ala) in Pachysolen tannophilus missed by the other methods.
Materials and methods

Overview of CoreTracker
The algorithm steps are given below and illustrated on Figure 1 (see Supplementary Methods for more detailed information on each step). CoreTracker requires as input, groups of orthologous genes (nucleotide sequences) from the species of interest, and a corresponding phylogenetic tree. To identify orthologous positions, genes are first translated into proteins according to a preliminary, userdefined genetic code. They are then aligned and concatenated into a raw alignment, which is filtered by removing highly variable positions that may introduce noise. The obtained filtered alignment is used to identify potential codon reassignments. For each amino acid X i an X i -filtered alignment is obtained by keeping only columns in which X i is the prevalent amino acid (Fig. 1A) .
Denote by C X i ; X j À Á the reassignment of a codon C from X i to a different amino acid X j . A candidate genome G for such reassignment is identified by comparing the average and observed conservation of X j ; respectively computed from the filtered and X j -filtered alignments. An amino acid X j that is less conserved than average in G might reflect a different genetic code. In our example (Fig. 1B) , average (l) and observed (l Met ) conservation of methionine are significantly different in genomes G2 and G3. These genomes are candidates for the reassignment of isoleucine (which appear in the Met-filtered alignment) to methionine and are labeled as 'Met' on the tree (Fig. 1C) . Fitch parsimony (Fitch, 1971 ) is then used on the species tree to trace back the history of each reassignment on the phylogeny. The analysis of the obtained history also helps recover the candidate genomes that would have been missed by steps A and B, due to an excess of filtering or a low amino acid usage.
On the other hand, an interesting reassignment from X i to X j in a genome G is selected according to codon usage. Codon usage is reported for all codons C encoding X i in G (isoleucine in Fig. 1D ) in two types of columns from the filtered alignment where X i appears in G: I) columns prevalent in X j (methionine in Fig. 1D ), indicating a potential reassignment C X i ; X j À Á in G, and II) columns prevalent in X i (isoleucine in Fig. 1D ). In a 'perfect' dataset where C is fully reassigned from X i to X j , C would not be present anymore in X i prevalent columns (type II columns). In practice, due to methodological issues (sequencing errors and alignment quality), ambiguous translation or mutations caused by true genetic divergence, the intersection between X i and X j prevalent columns is not expected to be empty. We use a generalized Fisher's exact test instead, to evaluate the difference in synonymous codon usage between the two columns. The P-values returned by this test are strong indicators for the identification of reassignments.
To quantify the reliability of each prediction, we implement a Random Forest (RF) approach (see Supplementary Methods). RF is a non-parametric classification algorithm (Breiman, 2001 ) which uses many classification trees in parallel. The features used here are described in Table 1 . The RF was only trained on a set of 25 metazoan mitochondrial genomes (see Supplementary Table S1 ) extensively studied in the literature (Knight et al., 2001; Sengupta et al., 2007; Swire et al., 2005) , and for which we can assume that almost all reassignments have correctly identified. In order to determine the most relevant features, we measure their importance according to the Gini impurity index (Breiman et al., 1984 ) (see Supplementary  Fig. S1 ). From the ten selected features, the Fisher's exact test contributed the most to the predictive performance of the model. Surprisingly, the fraction of genes affected by the reassignment (Gene.fraction) and the distance to the closest reassigned node (Fitch) contributed the least.
Predictions made by the RF are then run through two validation steps that measure their impact on the proteome alignment (see Section 1.6 in Supplementary Information for more details). The first step validates the predictions per clade, while the second considers all genomes simultaneously. Both require a re-translation of gene sequences using the newly inferred genetic code. Since a reassignment shared by a whole clade is more likely to affect the same positions across all genomes in the clade, validating by clade ensures that randomly distributed sequence mutations are not inferred as codon reassignments. On the other hand, considering all genomes simultaneously reduces false predictions caused by clade-specific sequence mutations. For both validation steps, we expect an improvement of the similarity between sequences in the protein alignment for a genuine reassignment, of if the number of affected codons is significant (Fig. 1F) . These validation tests are not relevant, however, for reassignments affecting too few positions in the genome.
Dataset of mitochondrial genomes
We annotated 104 genomes (see Supplementary Table S2 ) from a wild range of yeast mitochondrial genomes, using MFannot (http:// megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl). The only sense-to-sense codon reassignments reported in the literature for these genomes involve codons CUN and AUA. The corresponding genetic code is number 3 in NCBI. As for the 40 metazoan mitochondrial genomes considered in our study (Supplementary  Table S2 ), several genetic codes (2, 4, 5, 9 and 13 as referred in NCBI) are required for translation. As all these genetic codes are derived from the genetic code 4, we used it to translate the fourteen mtDNA-encoded protein (Cob, Cox1-2-3, Atp6-8-9 and Nad1-2-3-4-4L-5-6) from both the yeast and metazoan mitochondrial genomes and, when applicable, we correct frame-shifts.
Phylogenies of metazoan and yeast species
The yeast phylogeny was constructed using thirteen standard mtDNA-encoded derived protein sequences (Cob, Cox1-2-3, Atp6-9 and Nad1-2-3-4-4L-5-6). The alignment was done in two steps. Sequences were first pre-aligned with Muscle (Edgar, 2004) and then refined with hmmalign from the HMMER package (Eddy, 2001) . Alignments were then concatenated, resulting in a dataset that includes 104 species and has 5812 amino acid positions. The phylogenetic analysis was performed with PhyloBayes (Lartillot et al., 2009), using the CAT/GTR model, six discrete categories, four independent chains, 6000 cycles and the -dc parameter to remove constant sites. The first 1000 cycles were discarded as burn-in.
The metazoan phylogeny is based on the phylogeny of Figure 4 from Sengupta et al. (2007) . New genomes were added, while maintaining the relationships between groups (Adoutte et al., 2000; Halanych, 2004) .
Comparison of CoreTracker, FACIL and GenDecoder predictions on mitochondrial dataset
We compared CoreTracker, FACIL and GenDecoder predictions on the metazoan dataset. As GenDecoder is restricted to metazoan, only CoreTracker and FACIL were compared on the yeast dataset. We ran CoreTracker with default parameters and without the HMM alignment refinement step. FACIL was iteratively run on each genome in the dataset. A python script was written to query and retrieve the genetic code of each genome from the GenDecoder webserver. Since GenDecoder uses only sequence comparison to predict the genetic code, we used parameters slightly more stringent than the default (metazoan reference dataset, filtering out columns with more than 20% gap and keeping only 'highly conserved S < 1.0' sites according to the Shannon entropy) in order to increase precision. For all three programs, genetic code 4 was set as reference code. Non-determined predictions (marked by a '?' or '-' for GenDecoder or an 'X' for FACIL) were discarded. We kept GenDecoder's unreliable predictions (reported in lower cases) when comparing with CoreTracker and FACIL, as a sizeable proportion of its non-reassigned codons (305/2072) were reported as unreliable. This information on non-reassigned codons is hidden if we remove lower-case predictions, due to precision and recall being computed according to predicted codon reassignments only.
Due to the lack of a gold standard dataset for codon reassignments (even the NCBI annotations cannot be trusted), an initial step was to build a composite reference standard for comparison. For this purpose, literature reviews on codon reassignments in yeast and metazoan, information on species phylogenetic positions (for genomes with no reported predictions but located in a clade affected by a particular codon reassignment) and predictions shared by the three methods were considered to establish a list of true positives consisting of 90 codon reassignments of seven types in metazoans and 72 Genome G is in the set of interesting genomes (0/1) of six types in yeasts (see Supplementary Table S3 ). Contradictories and ambiguous cases were discarded as well as expected reassignments in genomes avoiding the codon. Since some of the genomes in the metazoan dataset were used in the training set for CoreTracker, we also assessed performance when those genomes were excluded.
Results
We applied CoreTracker, using default parameters, to 40 metazoan (including the 25 used as the RF training set) and 104 yeast mitochondrial genomes (see Supplementary Table S2 for a list of the genomes used, and Table S4 for predicted reassignments and each feature value). CoreTracker was also applied to 23 nuclear yeast genomes. Results on the nuclear genomes are reported and discussed in section 2.1 of the Supplementary Material (see Supplementary  Table S5 and Fig. S3 ).
Predicted codon reassignments in metazoan mitochondrial genomes
In metazoan mitochondrial genomes, CoreTracker predicted and validated 85 potential sense-to-sense codon reassignments of eight different types (see Fig. 2 ), among them the seven described in the literature: AUA(Ile, Met), AGG-AGA(Arg, Ser), AGG-AGA(Arg, Gly), AAA(Lys, Asn) and AGG(Arg, Lys). The new prediction is AUA(Ile, Leu), which was predicted in five genomes (Euseius, Strigamia, Lumbricus, Epigonichthys and Ciona).
We were able to extend the known codon reassignments to 13 new genomes. For example, the AUA(Ile, Met) reassignment has been reported in the literature for 14 genomes (see Fig. 4 of Sengupta et al., 2007) . Here, the prediction was extended to five more genomes located in monophyletic groups where the reassignment has already been detected.
Regarding AGR(Arg, Ser) and AGR(Arg, Gly) reassignments, most of them were correctly inferred and extended to the remaining genomes of the considered taxonomic group. Two additional genomes, Aphrocallistes vastus and Metaseiulus occidentalis, belonging to different monophyletic groups, were predicted to both reassign AGR codons to serine and glycine. CoreTracker also predicted AGA(Arg, Ser) in Strigamia maritima, while the synonymous arginine codon AGG was predicted to be reassigned to lysine. This pattern of reassignment has previously been observed in Limulus polyphemus and some other arthropods (Abascal, et al., 2006b) highlighting the fact that synonymous codons can be independently reassigned to different amino acids.
As for AAA(Lys, Asn), the four previously known reassignments were retrieved and extended to eight of the nine analyzed Platyhelminthes genomes. This reassignment was not predicted in Echinococcus equinus since its AAA codon usage is very low, and the codon is absent in asparagine predominant columns (column I). In this genome and also in Haplorchis taichui, AAA(Lys, Ser) was predicted but not validated (not shown) because too few codons were involved. A closer look at the alignment showed that in the positions affected by AAA(Lys, Ser), asparagine codons were found in other closely related Platyhelminthes genomes. This further supports AAA(Lys, Asn) reassignment in Platyhelminthes, under the hypothesis of an ancestral substitution from serine to asparagine in some positions.
The new identified reassignment type AUA(Ile, Leu), although supported by the validation steps, remains questionable for various reasons. Aside from the fact that the two amino acids are highly similar and frequently substituted each other, the reassignment concerns five genomes that are spread apart in the phylogeny and already predicted to have reassigned AUA to methionine. Furthermore, according to the validation steps, AUA(Ile, Met) seems to improve the alignment more than AUA(Ile, Leu) (P-value of 1.54e-10 versus 4.06e-04). A closer look at positions affected by AUA(Ile, Leu) in the alignment shows that leucine's CUA and UUA codons are used in related genomes, suggesting sequence substitutions at the nucleotide level rather than codon reassignment. In some of these positions, we also found valine and methionine in a few genes (Cox1, Cob and Nad3). These mutations mostly occur in transmembrane domains where substitutions between hydrophobic residues is tolerated (Liu et al., 2002; McClellan and McCracken, 2001) , further supporting nucleotide substitutions over reassignment. However, a possible decoding of AUA codons as leucine cannot be ruled out completely without biochemical evidence.
Notice that few known AGR(Arg, Ser) and one AUA(Ile, Met) reassignments were missed. As shown in Figure 2 , these missed predictions coincide with low codon usage in corresponding genomes. (Sengupta et al., 2007) . Numbers in rectangle indicate, for each genome, the reassigned codon (columns) count in the 13 standard mitochondrial genes It is possible that an excess of filtering plus a very low usage of these codons in conserved positions conceal the reassignment signal.
Predicted codon reassignments in yeast mitochondrial genomes
In yeast mitochondrial genomes, CoreTracker predicted and validated 54 codons reassignments of seven types (see Fig. 3 ). These types include known CUA-CUU-CUG(Leu, Thr), AUA(Ile, Met) and CUA-CUU(Leu, Ala) reassignments and a new AUA (Ile, Leu) reassignment.
Among the 54 inferred reassignments, ambiguity only lies for the translation of the codon AUA to either methionine or leucine in the two Ashbya gossypii species. As in the metazoan dataset, AUA(Ile, Leu) is most likely a false positive.
In yeast mitochondrial genomes, CUN codon reassignments from leucine to threonine were previously detected in Saccharomycetaceae mitochondrial genomes (Osawa et al., 1990; Su et al., 2011) . CoreTracker predicted this reassignment for 23 of the 104 analyzed genomes. The predicted least common ancestor of all genomes affected by this reassignment is shown on the phylogeny (Fig. 3) . The corresponding monophyletic group involves 26 genomes. This subgroup also contains two genomes, Kluyveromyces lactis and Kluyveromyces marxianus, where CUN(Leu, Thr) was not predicted, due to their complete lack of CUN codons in the 13 mitochondrial genes we considered.
CUU and CUA codons have been reported to be reassigned to alanine in Ashbya gossypii ATCC10895 (Ling et al., 2014) . Our dataset includes two additional Ashbya genomes: Ashbya gossypii FDAG1 and Ashbya aceri. Both CUU and CUA codons are predicted to be reassigned to alanine with a high probability (0.99), in all Ashbya species. Since CUC and CUG codons are avoided in most yeast mitochondrial genomes, they were often not found after filtering the alignment and were therefore rarely predicted to be reassigned. In the literature, the AUA codon was reported reassigned from isoleucine to methionine in Saccharomyces and A. gossypii mitochondrial genomes (Miranda et al., 2006) . Our predictions are in agreement with these results. According to the ancestral state reconstruction, such a reassignment appears to have occurred twice during the evolution of two Saccharomycetaceae monophyletic lineages (indicated by a green circle on Fig. 3) . However, the low codon usage in Saccharomycetaceae genomes outside Saccharomyces and Ashbya clades (for example Lachancea), suggest that a single event may have affected the whole group leading eventually to AUA reassignment in certain subgroups.
Finally, as in metazoans, some expected reassignments are missed by CoreTracker due to a low codon usage in conserved coding regions. In particular, the avoidance of CUC, CUG and even CUU codons in most Saccharomycetaceae make the prediction and validation of their reassignments difficult.
Efficiency of CoreTracker compared with FACIL and GenDecoder
We compared CoreTracker to GenDecoder and FACIL on metazoan and yeast mitochondrial datasets ( Table 2 ). The latter algorithm is more comparable to CoreTracker, as it is not restricted to any particular phylum or type of genome. The three methods were compared on a manually curated composite reference dataset (see Section 2.4 in Methods), in terms of precision, recall and F-score (harmonic mean of precision and recall). This dataset contains 90 codon reassignments of seven types in metazoans and 72 of six types in yeasts (see Supplementary Table S3 ).
On the metazoan mitochondrial dataset, CoreTracker achieved the highest precision (89.4%) and F1-score (86.9%), while FACIL, the closest in terms of precision has a F1-score of only 69.9%. This high precision was also achieved when genomes from CoreTracker's training set were removed. Only GenDecoder was slightly more sensitive than CoreTracker (87.8% versus 84.4%), but it had a lower precision. By removing GenDecoder's unreliable predictions (reported in lower-cases), it's precision jumps from 54.9% to 89.3%, at a cost of a decrease in sensitivity (74.4%), making it the second best tool according to the F1-Score (81.2%) (see Section 2.4 for a discussion on keeping or removing GenDecoder's lower cases). It is noteworthy that CoreTracker can achieve better recall by decreasing The species tree on the left was computed using the 13 standard mitochondrial proteins (See Methods) and has been pruned to keep only genomes relevant to the discussion section. Numbers in rectangle indicate for each reassigned codon (columns) in each genome, the codon usage in the 13 standard mitochondrial genes. Empty grey rectangles indicate that the codon is completely avoided in the corresponding genome the stringency of the alignment filtering parameters. As for the yeast mitochondrial dataset, CoreTracker significantly outperformed FACIL by displaying precision as high as 96.3% and a recall of 72.2%, compared to FACIL with a precision of only 25.6% and a recall of 47.2%. A closer look at the two programs' predictions on the yeast dataset showed that they both have difficulties predicting reassignments involving codons with extremely low usage, such as CUU(Leu, Thr) and CUG(Leu, Thr) in Saccharomycetaceae, which explains the low recall. However, CoreTracker was able to detect the CUG(Leu, Thr) reassignments with only one codon count in L. nothofagi that FACIL missed (see Discussion). FACIL also failed to predict most AUA(Ile, Met) reassignments, whereas CoreTracker was able to predict them in 9 genomes.
In addition, the alternative comparison of Supplementary Figure  S2 , show that GenDecoder and FACIL predicted several unlikely codon reassignments types. In particular, GenDecoder made 48 unheard-of codon reassignment prediction types, not shared with any of the two other methods, and never reported in the literature. Although the three methods have difficulty to distinguish codon reassignments from substitutions between amino acids with similar properties due to neutral evolution, this effect is more noticeable in GenDecoder's and FACIL's prediction.
Discussion
CoreTracker is the first automated tool developed for codon reassignment prediction that uses a phylogenetic context. It is a generic method that allows exploring a large number of genomes from any taxonomic group, with distinct reassignment scenarios. Application to mitochondrial and nuclear genomes highlights its ability to efficiently predict known sense-to-sense reassignments.
Reassignments in metazoan and yeast mitochondrial genomes
In metazoan genomes, CoreTracker correctly predicted the five previously known and well characterized sense-to-sense reassignment types, and was able to extend them to newly analyzed genomes. Here, we discuss the unexpected AGR(Arg, Ser) and AGR(Arg, Gly) simultaneous predictions in the hexactinellid sponge Aphrocallistes vastus and in the arachnid Metaseiulus occidentalis. It has been previously suggested (Sengupta et al., 2007) that AGR(Arg, Gly) is caused by the gain of a new tRNA Gly UCU after the reassignment of AGR(Arg, Ser). This tRNA then outcompetes tRNA Ser GCU to decode AGR codons, leading eventually to AGR(Arg, Gly). However, it is also known that in several invertebrate groups, the G base of tRNA Ser GCU is mutated into a U, resulting in tRNA Ser UCU which is also able to decode AGR codons, sometimes with better affinity (Abascal, et al., 2006b ).
Previous studies have revealed the presence of tRNA Ser UCU in the mitochondrial genome of Aphrocallistes (Haen et al., 2007; Rosengarten et al., 2008) . This tRNA has also been previously predicted in Metaseiulus occidentalis (Jeyaprakash and Hoy, 2007) . The two genomes also have only one tRNA Arg UCG and a single tRNA Gly UCC , supporting further the decoding of AGR codons as serine by tRNA Ser UCU . Considering these results and the fact that only a single point mutation from G to A is required to transform glycine's GGR codons into AGR codons (which can occur due to sequencing errors or sequence mutation), it can be argued that the AGR(Arg, Gly) prediction in A.vastus and M.occidentalis are most likely false positives. However, in A. vastus, according to CoreTracker's output, while AGR codons are completely avoided in arginineconserved positions, AGA was found in 14 conserved serine positions compared to 16 conserved glycine positions and AGG in three glycine conserved positions. In most of those glycine positions (particularly abundant in Cox1 and Cob gene), GGN codons were found in other sponges, while the three tunicates known for AGR(Arg, Gly) used AGR codons. Moreover, AGG(Arg, Gly) was also predicted in A. vastus and M. occidentalis by GenDecoder. Further investigation through tRNA phylogenetic analysis and enzymatic study, which is beyond the scope of this paper, is thus needed.
In yeast mitochondrial genomes, CoreTracker confirmed and extended known CUA-CUU(Leu, Ala) in the Ashbya mitochondrial genome and CUN(Leu, Thr) in Saccharomycetaceae monophyletic group except K.lactis and K.marxianus in which CUN codons are absent. CUN reassignments have been extensively studied, and it has been shown that reassigned CUN codons are decoded by a tRNA UAG that emerges from the duplication of tRNA His GUG then further diverges into two distinct identities to decode CUN codons as either threonine or alanine. It is believed that this reassignment is preceded by the disappearance of CUN codons, as illustrated on Figure 3 by their absence in Kluyveromyces and their low usage in other Saccharomycetaceae genomes. Although CoreTracker was able to predict most CUU and CUA reassignments, reassignments involving CUG and CUC were harder to predict, due to their extremely low usage. This low usage was expected however, since yeast mitochondrial genomes are AT-rich genomes with strong mutation pressure toward A and U. In S. cerevisiae YJM993 and L. nothofagi where CUG codons appear only once, CoreTracker predicted CUG (Leu, Thr) with strong support. This reassignment was also predicted by FACIL in S. cerevisiae YJM993 but missed in L. nothofagi. From CoreTracker's output, it can be observed that the leucine codon usage difference in leucine and threonine conserved columns is extremely high (P-value of 3.41e-10 in S. cerevisiae and 1.57e-07 in L. nothofagi). In fact UUA was almost the only codon used in leucine conserved positions, while CUA and the only CUG were found in highly conserved threonine positions. As synonymous codon usage is one of the most important feature of the RF model, this weight a lot. Furthermore, in both genomes, the CUG codon appeared in an extremely conserved threonine positions with only a few S. cerevisiae using CUA while all the remaining genomes used threonine's ACA or ACU codons. Therefore, the clade validation test for CUG was successful. The second validation test was also successful since it simultaneously consider all synonymous codons predicted reassigned to the same amino acid, thereby CUG was validated alongside the more frequent CUA and CUU codons. If this second validation test were to be performed separately for each codon, there would not be enough positions for the improvement in the alignment quality to be significant (P-value of 2.57e-01) for CUG (Leu, Thr), and the reassignment would have failed the validation test. Note that CoreTracker has a parameter to set the minimum occurrence of a codon required before prediction, which default value is one.
As for AUA (Ile, Met), it was inferred in both Ashbya and Saccharomyces. This reassignment was previously reported to be linked to the loss of the tRNA Ile CAU followed by a gain of function in the tRNA Met CAU which is then able to decode both AUG and AUA codons (Sengupta et al., 2007) . Such hypothesis requires the avoidance of AUA codons at one point of the reassignment process. As shown on Figure 3 , AUA codons are effectively either completely absent or avoided in other Saccharomycetaceae, suggesting that AUA(Ile, Met) in Ashbya and Saccharomyces is initiated by the loss of the gene encoding tRNA Ile CAU in an ancestral Saccharomycetaceae genome.
Limitations, flexibility and possible extensions
Although CoreTracker was able to detect some reassignments of weakly used codons and reassignments occurring in single genomes (such as AGG(Arg, Lys) in Strigamia on Fig. 2) , codon usage remains a limitation of the method. In fact, in the validation step, measuring the impact of the new genetic code on the proteome is informative only if the new genetic code affects enough positions to significantly alter the alignment quality. To overcome this limitation, prior knowledge on functional domains may be used to attribute different weights to reassigned positions according to their location in the gene. In our study, we checked the location of the predicted reassignments according to PFAM domains. However, as almost all predicted reassignments were in such domains, this step did not offer any significant filtering advantage. Alternatively, using more proteins when available, as it is the case for nuclear genomes, can help reduce the effect of codon usage limitation. However, the trade-off will be the increase in running time needed to analyze this larger dataset.
As input protein sequences are obtained from the translation of annotated genes, CoreTracker solely predicts sense-to-sense reassignments. Although this can be seen as a limitation, reassignments involving a stop codon are easily predicted by most existing annotation tools. In fact, missing C-terminal domains or proteins with abnormally long or short length, compared to others in the same family, are strong indicator of stop-to-sense and sense-to-stop codon reassignments. By default, CoreTracker also removes from the input dataset, genes with frame-shifts. Since this might not be the desired action, we provide tools to help identify and correct frame-shifts.
In order to measure the performance of CoreTracker, we evaluated its precision and sensitivity compared to GenDecoder and FACIL on mitochondrial genomes. In contrast with CoreTracker, neither GenDecoder, nor FACIL use a phylogenetic framework. Instead, each genome is analyzed independently. Applying the three algorithms on metazoan and yeast mitochondrial genomes, CoreTracker performed better than both GenDecoder and FACIL. Indeed, although GenDecoder displayed a slightly higher sensitivity than CoreTracker, both GenDecoder and FACIL demonstrated lower precision. As GenDecoder and FACIL are based on a preestablished reference datasets that do not necessarily allow an appropriate taxon sampling, both algorithms are highly sensitive to amino acid substitutions, which explains in large part their lack of precision. CoreTracker addresses this issue by offering a wide range of control over its precision, and built-in steps that ensure accuracy. Aside from the possibility to perform appropriate taxa sampling, facilitated by the provision of dataset merging tools, the added validation steps help filtering out unreliable predictions. For instance, on the metazoan dataset, 97 predictions were originally made but only 85 were validated, increasing precision by 11.06%. As CoreTracker is user oriented, it outputs several additional information (both visual and statistical) on each prediction, and even on some nonpredicted reassignments in order to help users decide if a predicted (or non-predicted) reassignment should be further inquired into.
CoreTracker's efficiency on nuclear genomes was also assessed by comparing its predictions on a yeast nuclear dataset to Bagheera's and FACIL's. On this dataset, CoreTracker accurately predicted CUG codon reassignments, missing only CUG (Leu, Ser) in L.elongisporus (see Supplementary Fig. S3 ). More importantly, it was the only method able to detect the CUG(Leu, Ala) in Pachysolen tannophilus. This application to nuclear genomes demonstrates its consistent high accuracy and its wide range of applicability.
It is worth noticing that CoreTracker's predictions are strongly dependent upon the sequence alignment. However, as shown on Supplementary Figure S4 , the method is robust even towards unrealistic high rate of errors in the alignment. Nevertheless, we provide a default alignment pipeline (see methods section) that use HMMs to refine alignments. Although CoreTracker does not require the full resolution of the input phylogenetic tree (as shown by the metazoan phylogenetic tree used) predictions depend on the considered phylogenetic tree. In particular, a reassignment affecting a whole clade will only be predicted if a genome outside this clade and missing the reassignment is included in the analysis.
One useful information that was not included in CoreTracker is the analysis of tRNAs, given that codon reassignments are often linked to changes in tRNAs. Analyzing tRNA is particularly useful when a set of reference tRNAs that have changed identity is available. In this case, it will be possible to predict reassignments by comparing the predicted tRNA of a query genome to the reference tRNA set, as done by Bagheera. This approach is suitable when predictions are restricted to a specific codon reassignment but less applicable when all potential codon reassignments are being considered as it is the case for CoreTracker. In this latter scenario, analysis of the full tRNA repertoire is necessary. This requires both a complete characterization of the tRNA identity determinants, and a reliable tRNA phylogenetic tree. Unfortunately, these information are often not available (Giegé and Frugier, 2003; Rogers and Griffiths-Jones, 2014) or difficult to reliably obtain without human intervention. Furthermore, tRNAs are not the only components involved in codon reassignments, since mutations in aminoacyl tRNA synthetases can also potentially lead to codon reassignments. Therefore, despite being linked, there is no necessary a one-to-one correspondence between tRNA evolution and codon reassignments. Although tRNA analysis could not be automatically included in CoreTracker, it still represents an important validation test that should be done when possible.
Future extensions of CoreTracker will involve accounting for branch length variation in the ancestral reconstruction step and the random forest as well. Other changes at the mRNA level that could be confounded with codon reassignments, such as RNA editing, will also be taken into account, in order to make CoreTracker a truly universal tool for codon reassignment predictions. Possible ways to achieve distinction between RNA editing, codon reassignment and artifact due to amino acid substitution, include consideration of relative codon usage between genomes, codon substitution models and more importantly tRNA phylogenetic analysis.
